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Establishment of leaf area estimation model for jujube trees

ZHANG Meng, ZHANG De’ an, LU Xiaoyan, YANG Weiwei’

(College of Agriculture, The Key Laboratory of Special Fruits and Vegetables Cultivation Physiology and Germplasm Resources Utiliza-
tion in Xinjiang Production and Construction Group, Shihezi University, Shihezi 832000, Xinjiang, China)

Abstract: [Objective] The study aims to establish a reliable and accurate leaf area (LA) estimation
model based on leaf length (LL) and leaf width (LW) which can be measured non-destructively. Leaf ar-
ea is usually determined by destructive methods, which are time-consuming and impossible to make
successive measurements on the same leaf samples. Non-destructive portable leaf area laser scanners
are expensive and complex. The model-based leaf area estimation overcomes the above defects. Howev-
er, the optimal model needs to be selected from candidate models for jujube trees.[Methods]Eight ju-
jube cultivars with significant differences in leaf morphology, including ‘Junzao’ ‘Lizao’ ‘Qiyuexian’
‘Suanzao’ ‘Zanhuangdazao’ ‘Fengmiguan’ ‘Gagazao’ and ‘Jinsixiaozao’, were used as the materi-
als. Leaves were sampled and then scanned with a laser scanner to obtain digital images. Leaf morpho-
logical parameters, such as LL, LW, LA and petiole length (PL), were extracted using ImagelJ software.
There were 17 candidate models established and compared. Each model was established and validated
using pooled data from all cultivars and separately for each cultivar. A further validation was conducted
for the general models constructed with pooled data to evaluated their applicability to different individu-
al cultivars. The root mean square error (RMSE), determination coefficient (R*) and Akaike information
criterion (AIC) were used to evaluate the accuracy of the established models for leaf area through the
comparisons between predicted values and actually measured values of leaf area. Each dataset was sepa-
rated randomly into training dataset (75% of the data) and testing dataset (25% of the data) to fit and

validate models by using R software. [Results]3 287 leaves were sampled and significant differences
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were found among the cultivars in LL, LW, LA, PL, LL/LW ratio, PL/(PL+LL) ratio and roundness.
The coefficient of variation (CV) in leaf area (LA) was the largest (64.44% ), and followed by PL
(43.41%), LW (37.24%) and LL (32.20%). LL, LW and their integrated variables, such as LL+LW, LLx
LW, LL’ and LW” etc., could be used as the independent variables to predict the LA for all cultivars. By
using all data together, the 17 models showed varied predictivity (71.66 < R* < 99.52%, 0.51 <
RMSE < 3.09 cm® and 3 769.08 < AIC < 16 947.72). Among those models, model 16 LA = a (LL x
LW)’ had the highest accuracy (R*=99.52%, RMSE=0.44 cm’, AIC=3 769.08), followed in descending
order by model 5 LA = a (LLXLW) (R*=99.40%, RMSE=0.46 cm’, AIC=4 076.65), model 9 LA = a
LL’+b LW? (R*=99.34%, RMSE=0.51 cm’, AIC=4 487.99), model 14 LA = a (LL+LW)" (R’=98.87%,
RMSE=0.65 cm’, AIC=6 469.08), model 6 LA = a (LL+LW)’ (R*=98.84%, RMSE=0.64 cm’, AIC=6
563.66), and model 17 LA = (LL x LW)" (R*=98.72%, RMSE=0.70 ¢cm’, AIC=6 627.65). Estimation
with all the models for each cultivar showed that models 5, 6, 9 and 17 met the requirements of accura-
cy to predict the leaf area for all the cultivars. The coefficient of models 5, 6 and 17, had smallest CV’
among cultivars (2.71%, 2.91% and 3.41%, respectively) as compared to the other models. When the
all-data models were validated by individual cultivars, models 5 and 6 still had a high accuracy of leaf
area estimation, with the lowest R* appearing in ‘Suanzao’ in model 6, which was 96.80%, and the larg-
est decrease in RMSE appearing in ‘Lizao’ in the same model, which was 0.145 1 em’. Yet, when com-
pared the R* between cultivar specified and all-data based model 17, the R* in cultivar specified model
17 for ‘Suanzao’ and ‘Jinsixiaozao’ decreased from 97.27% and 94.22% to 84.16% and 83.51% in all-
data model, respectively. The model coefficients for model 5 and 6 were 0.703 5 and 0.164 6, respec-
tively. LA was estimated with a higher accuracy by employing LW alone compared to LL alone, irre-
spective of cultivars. LA estimation was not always improved by employing both LL and LW as com-
pared to employing single variable. LA can be estimated by employing LW alone with model LA = a
LW", but the model coefficients need to be ajusted acccording cultivar. The minimum number of leaves
was 250 to estimate the model coefficients for models 5 and 6 with relative lower errors. [Conclusion]
For a specific cultivar, models 5, 6, 9 and 17 can meet the requirements of accuracy to predict the leaf
area without the use of any expensive instruments but need to be fitted to obtain specific model coeffi-
cients for individual cultivars. Among the above 4 models, models 5 and 6 can be used to estimate leaf
area accurately using the same model coefficients, irrespective of cultivar. The minimum sample size of
250 is required for models 5 and 6 to obtain reliable model coefficients. The accuracy leaf area model
will be helpful to develop three-dimensional virtual jujube trees with accurate leaf dimensions.
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Table 1 Candidate models for estimation of leaf area

in jujube trees

e o AR Hm
Model type Order Variable Model
LAY 1 LL LA=alL
Linear model 2 Lw LA=alLW
3 LL’ LA=alLL’
4 LW? LA=alLW’
5 LLXLW LA =a (LLXLW)
6 LL+LW LA =a (LL+LWY
7 LL+LW LA=a (LL+LW)’
8 LL,LW LA=alLL+bLW
9 LL’, LW’ LA=aLL*b LW’
B[22 iR st 10 LL LA=alLL®
Non-linear model 11 LL LA=LL
12 Lw LA=alLW’
13 LW LA=LW’
14 LL+LW LA =a (LL+LW)’
15 LL+LW LA = (LL+LW)’
16 LL x LW LA=a(LL x LW)"
17 LL x LW LA=(LL x LW)"
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Table 2 Leaf morphological parameters for the 8 jujube cultivars

ZH SREDA IS INEL BR/ME FEME A R
Parameter Median value Maximum value Minimum value Average value  CV/%
K% Leaf length/cm 4.34 11.03 (3R & Junzao) 1.03(F4# Lizao) 4.46 32.20
M 58 FE Leaf width/cm 2.56 5.86 (1 % i Fengmiguan) 0.62(FZ & Suanzao) 2.67 37.24
4K Petiole length/cm 0.70 2.86(HR & Junzao) 0.14(JiZ % Suanzao) 0.76 43.41

i F AR Leaf area/cm’ 7.86 36.56 (& Junzao) 0.52(4 A £ Qiyuexian) 9.35 64.44
I % B L/W ratio 1.65 3.45(Jig & Suanzao) 0.82 (143 [# Fengmiguan) 1.72 16.96
[ Roundness 0.13 0.25(J & Suanzao) 0.06(F2 % Suanzao) 0.13 17.53
AR B/ (TR I ) 0.13 0.40(42 & Junzao) 0.05 (1§ % i Fengmiguan) 0.14 25.58
PL/(PL+LL)

R3 TREERBHESFIESHTSE

Table 3 Mean values of leaf morphological parameters for each jujube cultivar

il MR SRR MK MR A RKES B T R 5 (A TR
uC?Jltivar Leaf Leaf Petiole Leaf area/ M % FE L R Olil dness K+ KDL Leaf sﬂa .
length/cm width/cm length/cm  cm’ LL/LW PL/(PL+LL) P
IR Junzao 6.04 a 3.77a 1.14a 15.75a 222a 0.16a 0.16a K BP Long ovate
IR A Gagazao 543b 3.60 b 1.03b 14.76 b 1.95b 0.15b 0.16 a KB Long ovate
14 % Fengmiguan 539b 355b  0.89¢ 14.50 b 1.77 ¢ 0.14 ¢ 0.16a SARBET TR
Ovate-lanceolate
A Lizao 439¢ 2.82¢ 0.70d 941c¢ 1.72d 0.13d 0.14b GUARBET TR
Ovate-lanceolate
% 2 K& Zanhuangdazao  4.39 ¢ 239d  0.69d 7.81d 1.71d 0.13¢ 0.14b GRARIE AT TE
Ovate-lanceolate
-+ H % Qiyuexian 4.13d 2.29¢ 0.69 d 7.28d 157¢ 0.13¢ 0.14 be GRS T
Ovate-lanceolate
422 /N Jinsixiaozao 38le 215 f 0.52¢ 592¢ 1.50 f 0.12 f 0.13¢ Y BU 2 Wide ovoid
Ji% A Suanzao 2.69 f 123g  042f 2.55f l44g 0.10g 0.11d YRR JE Oval
p 18 p value <0.001  <0.001  <0.001 <0.001  <0.001 <0.001 <0.001 -

W p AT 0 HT AR R — SIA RN S FRERORLE p <0.05 /K-FZER R
Note: P values represents the results from analysis of variance among cultivars, different small letters within a column are significantly different at
p <0.05.
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Table 4 Error statistics of the estimated models between jujube leaf area and jujube leaf shape attributes

BOURFS BN B R POERE SR AICERTEN
Model No. Model coefficient a Model coefficient b Determination Root mean square Akaike information
coefficient, R*/% error, RMSE/cm’ criterion, AIC
1 22525 71.66 3.09 16 947.72
2 3.7813 81.07 2.60 15 983.27
3 0.420 8 91.35 1.75 13 027.25
4 1.103 7 93.15 1.59 12 350.10
5 0.703 6 99.40 0.46 4076.65
6 0.1650 98.84 0.64 6 563.66
7 0.0158 79.12 2.79 15912.22
8 0.0817 3.649 2 78.63 2.81 15984.81
9 0.203 1 0.5952 99.34 0.51 4 487.99
10 0.528 4 1.8728 91.61 1.68 12 883.23
11 1.513 8 88.53 2.01 14 021.74
12 1.5207 1.760 1 95.08 1.38 11 609.64
13 2.0629 91.66 1.73 12 726.37
14 0.1818 1.9570 98.87 0.65 6469.08
15 1.1872 84.33 2.53 15 046.14
16 0.763 0 09733 99.52 0.44 3769.08
17 0.8870 98.72 0.70 6 627.65

25 (E 1. %1% R RMSE 1 AIC 1 43
N 71.00%~99.52% . 0.51~3.09 cm®> 1 3 769.08~
16 947.72. 1AL 5.6.9.14.16 F1 17 AR AR A W8 I
H AT 101 26, A RAF i wilae /7, H RA{A
YIKTF 98%, Hrh A 5.9 Fil 16 19 R*E KT 99%
A 1.2 8 1S ASTAUEL /N I, B s fili i T A 5
AL AR B, Gy Ak v v T AR, 452280 7 D)
IEUFAE S B 3,410 F1 13 AT LAHE B A ADL 4 /I i
Fr TR, (R e T AR 0, ASSHDUEL Bt B O K 5 A
ANo AR 11 A 12 EAR AT DABLRRL /AN AR (H
GARA BRI Fr b AR . BT A AT A, B 16 IR
B i (R*=99.52% , RMSE=0.44 cm’, AIC=3
769.08) , H ¥k N #E 7 5 (R=99.40% , RMSE=0.46
cm’, AIC=4 076.65) . 1 1 9 (R*=99.34% , RMSE=
0.51 cm?®, AIC=4 487.99) . & & 14 (R*=98.87% ,
RMSE=0.65 cm’, AIC=6 469.08) . #& % 6 (R=
98.84% , RMSE=0.64 cm?, AIC=6 563.66) . #& % 17
(R*=98.72%,RMSE=0.70 cm’, AIC=6 627.65) .

2 A5 AR B, R K RE R B FE A AR
B, BRSBTS S I BA (R 4,

Bl Do DA RS SHON L 8 A F Y
12 #H B IF , H R*=95.08% , RMSE = 1.38 cm?®, AIC=
11 609.64.
2.3 FZmihit ER AR I K F K

B2 9 A B A3 A G 17 NSRS
Giit &, T RV RMSE {H , % 4%/ i A et i A A
PN B ) 6 AN BB 43 0 AL 5.6.9 1416 Al
17(94.09 < R* < 99.66,0.09 < RMSE < 1.20 cm®) .
BT AICAE , K25 ity ot i T AR S 400 R0CR 5 87 1 6
AR S ) AL 5.6.9. 11415 A1 17 (-611 <
AIC<1211). Kk, AS[F 5 Al B 5.6.9
17 R B T 38 2 i T AR B R

M3 F A SRR LA %N AR R 2
WA FEAS— , AR FE N, AR B S A %
AR R 22 N . B S a1l & BN 5.6
17 WA S R B S 48N 2.71%  2.91% il
3.41%, H &SP 24 a 5 AN 18 S PP 22 R 1
MR S a . BAL 110 KB S 4 a i)
A5 ZHATIE 3116 M137.05%. X T S H b, 1
B12. 14 F1 16 78 7 R ECA /DN, 50 90 4.46% -
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Fig. 2 Heatmaps for validation coefficients of determination coefficient (R’, A), root mean square error (RMSE, B) and

Akaike information criterion (AIC, C) for each model in 8 jujube cultivars
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Table S Differences between models by pooling all data toghter and models fitted by data

of each cultivar for model 5, model 6 and model 17

S % 5 Model 5 1574 6 Model 6 157 17 Model 17
Cultivar AR*% ARMSE/cm? AR% ARMSE/cm? AR% ARMSE/cm?
B2 Junzao -0.003 7 -0.047 7 1.0223 -0.146 0 -0.665 2 0.162 8
IS 4 Gagazao -0.2802 -0.001 4 0.2722 -0.077 1 0.2957 -0.056 6

16 % Fengmiguan 0.5258 -0.238 6 -0.3170 0.086 8 -0.602 4 0.1270
A Lizao -0.3120 0.067 4 -0.773 3 0.145 1 -0.661 1 0.077 3

% 52 K& Zanhuangdazao -1.1232 0.136 6 -0.1650 0.109 3 -0.253 7 0.040 6

b A £ Qiyuexian -0.019 1 0.0142 -0.4333 0.099 5 2.4403 0.110 3
4222 /N Jinsixiaozao 1.094 7 -0.0752 0.074 5 -0.037 8 -13.1114 0.440 5

Ji% 4 Suanzao -0.9432 0.073 2 -1.503 9 0.035 1 -10.703 8 0.1772

7 : AR FI ARMSE 43 A A BT A AUl & A8 R F1 RMSE 5 ARYE &A@ R AR 4 89 R F1 RMSE I8 Z 18 .
Note: AR’ represent the difference between R* for the model fitted by pooling all data together and R* for the model fitted by data of each cultivar.
The same as ARMSE.



1234 K, A AU AR AL SRR TR A 1971

5 A i P TR () TO0 RS FE 5 & AN SRR LA )
5.6 17 B [ FiUMIAS FE 2 18] ) 224, AR UEASE AL 5
6 FI17 AR R & H T £, AR AIE
18, Tt W S AR RS S 1) R T 75 . ARMSE N M
T, B A2 A5 7R AR5 400 1) RMSE T B& , R 00K 42 T .
M ST DUE H S AR Y 5 R 6 A EL & AN A
(PIBR ST AT , AR e /IMEL HY FILAE LT 6 11 iR A7 iy
T, R TR T (R = 96.80% ) 50 H: g 37 %5 7Y
(R*=98.30%) T % 1.503 9%, HAK SR =T 95%. Nl
i Fp PR R AT B SR T, T g T | 2
AL (R 5) R GR AL | CIRLNRL AT € G 22 /N AL (FEE
R6), MARKETY 516 RMSE 5 &N b gk 7 5
% RMSE (1) Z{E ARMSE 4 7--0.238 6~0.145 1 cm’,
ARMSE [ 55 R AE H AR A 6 [ AL S o, 44
BRI RMSE(0.531 7 em®) B LA 4574 (0.386 6 cm’)

A 0.710
0.705 E iﬁ s - = -

0.700

0.695 |

0.690

0.685

0.680

0.675

0.670 |
0 500 1000 1500 2000

FEA K

Sample size

TEA 2R a
Model coefficient a

TB%0.145 1 em?,

SRR 17 TR A b R AR B ¢ 4 22/
AR R A ) R AE A S5 B gk Sz B A
97.27%FH 94.22% 43 1l T B 13.11%F1 10.70% , H =
PR ) R* M N 84.16% 1 83.51% , RMSE 1 M il
SEAET (K] 0.307 6 em® A1 0.245 2 cm?® 4y Hil T i & A
AR T 1) K1 0.748 1 cm® F 0.422 4 cm?, 43 7] 3 jin
0.440 54110.177 2 cm’.

25 SRERIHEAH ST

KA T KAE T 8L 3 000 AN AW Fr, 85T L
ANFIFEAURE A MR R 51 A8 4, A B T B A AR A
REBC T HEOFEAR S E . NEI4TLIEH, 4
FEAEY B <200 ], Bl FE A< 2505 (1 38, 4528 5 NS
A6 A RECA IS . UFEAKE KT 250 /5,
B R BT Rl AN /N A T Fa0E

0.168

0.167
0.166

0.165 # 3 [} [ =
0.164
0.163
0.162

B R4 a

Model coefficient a

d
©
=
(<]
'y

0.160
0.159
0.158

0 500 1000 1500 2000
FEA KR

Sample size

E4 BAERS (A) FEEESR 6 (B) RIER R EEMEAKE T

Fig. 4 Relationships between sample size and model coefficient a and its standard devidation for model 5 (A) and 6 (B) when

pooling all data together
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